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Abstract 

In a supersymmetric left-right symmetric model, inflation, baryogenesis (via 
leptogenesis) and neutrino oscillations can become closely linked. A familiar 
ansatz for the neutrino Dirac masses and mixing of the two heaviest families, 
together with the MSW resolution of the solar neutrino puzzle, imply that 
1 eV ;$ m UT ^ 9 eV. The predicted range for the mixing angle 0^ T will be 
partially tested by the Chorus/Nomad experiment. The CP violating phase 
5^ t is also discussed. 

The minimal supersymmetric standard model (MSSM) provides a particularly compelling 
extension of the SU (3) c x SU (2) L xU (l)y gauge theory. Yet, it seems quite clear that MSSM, 
in turn, must be part of a larger picture. Let us list some reasons why: i) In MSSM, there 
is no understanding of how the supersymmetric /a term is 10 2 -10 3 GeV. In principle, it 
could be as large as the Planck mass, ii) An important (and undetermined) new parameter 
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in MSSM is tan/3, the ratio of the vacuum expectation values of the two higgs doublets. 
Among other things, an understanding of this parameter can shed light on the mass of the 
Weinberg-Salam higgs. iii) It has become increasingly clear that a combination of both ‘cold’ 
and ‘hot’ dark matter (CHDM) provides [1] a good fit to the data on large scale structure 
formation, especially if the primordial density fluctuations are essentially scale invariant. In 
MSSM, there is no HDM candidate, even after including non-renormalizable terms, iv) It 
has been impossible, so far, to implement inflation within MSSM. v) Last, but not least, it 
is not easy to generate in MSSM the observed baryon asymmetry through the clcctroweak 
sphaleron processes. 

Remarkably, all these challenges can be overcome in one fell swoop by considering a 
modest extension of the MSSM gauge symmetry to H = SU( 3) c x SU(2) L x SU(2) R x 
V(1)b-l- Of course, it is anticipated that H is embedded in a grand unified theory such as 
50(10) or SU(3) C x SU(3)l x SU(3)r. Apart from aesthetics, there are tantalizing hints 
from the extrapolation of low energy data for the existence of a supersymmetric unification 
scale ~ 10 16 GeV. The details on how the extension of MSSM to an //-based model can 
resolve the points above will not be discussed here, especially since an inflationary scenario 
based on H has been considered in some detail elsewhere [2,3]. This scenario gives rise 
to an essentially scale invariant spectrum (spectral index n ~ 0.98), and contains both 
‘cold’ (LSP) and ‘hot’ (massive neutrinos) dark matter candidates. The observed baryon 
asymmetry is generated through partial conversion of a primordial lepton asymmetry [4]. 
Finally, the parameter tan (3 is close to m t /mb , which also explains why the higgs boson of 
the electroweak theory has not been seen at LEP II. Its tree level mass is Mz which, after 
radiative corrections, becomes rrih° — 105 — 120 GeV. 

The inflationary phase is associated with the gauge symmetry breaking SU(2)r x 
u(i) b -l - m i) Y . Of course, since H is presumably embedded in some grand unified 
symmetry, there may well be more than one inflationary epoch. We concentrate on the last 
and most relevant one. The above breaking is achieved by a pair of SU(2)r doublet ‘higgs’ 
superfields which have the same gauge quantum numbers as the ‘matter’ right handed neu- 
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trino superfields. As a consequence, the inflaton decays primarily into ‘matter’ right handed 
neutrinos via quartic (or higher order) superpotential couplings. The ‘reheat’ temperature, 
Tr, turns out to be about one order of magnitude smaller than the mass of the heaviest right 
handed neutrino that the inflaton can decay into. The gravitino constraint on Tr (< 10 9 
GeV) allows us to restrict the second and third family right handed neutrino masses M 2 , M 3 
in a fairly narrow range. Our approach poses no obvious constraint on the first family right 
handed neutrino mass Mi, except from M\ < M 2 . The constraints on M 2 , M 3 , however, 
together with the leptogenesis scenario will enable us to restrict the oscillation parameters 
of the v,j-v T system [5]. 

We consider the 2x2 ‘asymptotic’ mass matrices M L , M D and M R in the weak basis, 
where the superscripts L,D and R denote the charged lepton, neutral Dirac, and right 
handed neutrino sectors respectively. M L ,M D are diagonalized by the biunitary rotations 
L = U L L', L c = U LC L c ', v = U v v', u c = fAV': 


m l -> m l ' = u lc m l u l 



( 1 ) 


M 


D 


M°' = U v "M u U v = 


v c i\ / tD t tv 


m 


D 


\ 


m 


D 


( 2 ) 


/ 


where the diagonal entries are positive. This gives rise to the ‘Dirac’ mixing matrix U U ^U L 
in the lcptonic charged currents. Using the remaining freedom to perform arbitrary phase 
transformations on the components of L', 1 / together with the compensating ones on the 
components of L c ',v c ' so that M L ',M D ' remain unaltered, we can bring this matrix to the 
form 


U^u L 


D ■ qD \ 


cos 6 U sin 6 
—sin0 D cos 0 D 


( 3 ) 


/ 


where 9 D (0 < 9 D < 7t/2) is the ‘Dirac’ (not the physical) mixing angle in the 2-3 lcptonic 
sector. 
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In this basis, depicted with a double prime on the superfields, the Majorana mass matrix 


can be written as: 


M r = I/’ 1 M 0 U~ l , 


(4) 


where M 0 = diag(M 2 , M 3 ), with M 2 ,M 3 (both positive) being the two Majorana masses, 
and U is a unitary matrix which can be parametrized as 


U 


( 

\ 


COS0 

—sind e lS 


sind e lS 

COS0 


\ 

/ 


e ia 2 

V 


\ 



(5) 


with 0 < 9 < 7t/ 2 and 0 < 5 < n. The light neutrino mass matrix, to leading order in 
M r ~ x M d ', is 


m = — M 


D i 


M R 


M 


D / 


( 6 ) 


where M D ' is defined in eq.(2). We can express m as 



^ e ia2 ^ 

l e ia2 ^ 

m = 


*{8,8) 


V C4 “ 3 J 

y e*" 3 J 


(7) 


where T(d, 6 ) depends also on M 2 , M 3 , m 2 , m® . We diagonalize m by a unitary rotation 
v" = Vi/" with 


V 


( e ifh ^ 

/ 

pi 03 

\ 6 / 

V 


coscp 
—sin(p e ie 


sire/? e 

COS^9 


\ 

/ 


( 8 ) 


where 0 < ip < ir/2 , 0 < e < 7r.The ‘Dirac’ mixing matrix in eq.(3) is now multiplied by 
V t on the left and, after suitable phase absorptions, takes the form 


cos6> 23 

^ —sind 23 e** 523 


sin0 23 e 1623 
cos 9 23 


\ 

/ 


(9) 


where 0 < 9- 23 < 7t/2 , 0 < <5 23 < n. Here, d 23 (or 9 llT ) is the physical mixing angle in the 
2-3 leptonic sector and its cosine equals the modulus of the complex number 
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cos<p cos 0 D + sin<p sin 0 D e*^ ^ 


( 10 ) 


where —7r < £ — e = /3 2 — @3 — e < tt. Moreover, S 2 3 (or 5 MT ) is the associated CP violating 
phase which is given by S 2 3 = £+p—A (modulo 7 r), where A (— 7 r < A < 7 t) and — p (— 7 r < p < 
7r) are the arguments of the complex numbers in eq.(10) and cos<psin# D — sin<p cos9 D 
respectively. Since £ remains undetermined (see below), the precise values of # 23 and S 23 
cannot be found. However,we can determine the range in which 0 23 lies: 

I <P — # D | < #23 < <P + # D , for <p + 6 d < 7t/2 ■ (11) 


The double valued function 5 23 (9 23 ) is also determined. 

We will denote the two positive eigenvalues of the light neutrino mass matrix by m 2 (or 
m„ ) , m 3 (or m VT ) with m 2 < m 3 . Recall that all the quantities here (masses, mixings, etc.) 
are ‘asymptotic’ (defined at the GUT scale). The determinant and the trace invariance of 
T(#, <5)fT(0, 6 ) provide us with two constraints on the (asymptotic) parameters which take 
the form: 


m 2 m 3 


(mfmf ) 2 
M2 M% 


( 12 ) 


m 2 2 + m 3 2 


m 


D 2„2 


c + m 


D 2 0 2\ 2 


+ 


Mo 2 


(13) 


(mf 2 c 2 + mf 2 s 2 )^ 2(mf 2 - mf 2 ) 2 c 2 s 2 cos 2h 

M3 1 + M 2 M 3 ’ 

where #, <5 are defined in eq.(5) , c = cos 9 , s = sin#. 

We now need information about the quantities mf ) ,mf > (the ‘asymptotic’ Dirac masses 
of the muon and tau neutrinos) as well as the ‘Dirac’ mixing angle 9 D . A plausible as¬ 
sumption, inspired by 50(10) for instance, is that these quantities are related to the quark 
sector parameters by the SU( 4) c symmetry. In other words, we will assume the asymptotic 
relations: 


m .2 = m c , mf = m t , sin# D = \V c f, 


(14) 
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Of course, the SU( 4) c symmetry is not expected to hold in the down sector of the second 
family. 

Contact with experiment can be made after renormalization effects have been taken into 
account. The pair of MSSM higgs doublets is assumed to belong to the (2, 2) representation 
of SU( 2) L x SU (2)r, implying that tan /? ~ m t /mb both ‘asymptotically’ and at low energies. 
The light neutrino masses, in this case, can be obtained by dividing the right hand side of 
eq.(6) by a factor of 2.44 [6]. Eqs.(12),(13) now hold with m 2 ,m 3 being the low energy 
neutrino masses and m D ’s replaced by their asymptotic values divided by 1.56. The latter 
turn out to be ~ 0.23 GeV and rn^ ~ 116 GeV (with tan/? ~ m t /mb)[ 7]. Finally, 
using SU( 4) c invariance, the asymptotic ‘Dirac’ mixing angle is calculated from sind z; = 
\V c b\ (asymptotic) ~ 0.03. The renormalization of the mixing angle 623 , with tan/? ~ m t /mb, 
has been considered in ref. [6]. The net effect is that sin 2 2# 23 increases by about 40% from 
Mqjjt to MZ■ 

In view of the lack of a compelling alternative theoretical framework, we will assume the 
hierarchy m\ -C m 2 -C m 3 . We will thus restrict m 2 in the range 1.7 x 10 -3 eV < m 2 < 
3.5 x 10 -3 eV, as allowed by the small angle MSW solution [8]. We now recall a few salient 
features of the inflationary scenario associated with the breaking SU( 2 ) R x U(1)b-l —■► 
U(\)y. As the inflaton (SU( 2 ) R doublets q ?, (ft) oscillates about its minimum, it decays 
into the appropriate ‘matter’ right handed neutrino (u c ) via the effective superpotential 
coupling u c u c (ft(ft permitted by the gauge symmetry. The ‘reheat’ temperature T R is then 
related [3] to the mass M H of the heaviest right handed neutrino the inflaton can decay 
into: T r{ ~ M H / 9.2.The inflaton mass is given by rn m ji ~ 3.4 x 10 13 GeV. If M 2 ,M 3 are 
smaller than mi n fi/ 2, the inflaton decays predominantly into the heaviest of the two. Then, 
eq.(12) and the cosmological bound m 3 < 23 eV [9] require the smallest allowed mass of 
the heaviest right handed neutrino to be ~ 9.4 x 10 10 GeV giving T R > 10 10 GeV, in clear 
conflict with the gravitino constraint. Consequently, we find that 

m infl /2 < M 3 < 2.5 x 10 13 GeV, (15) 
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where the upper bound comes from the requirement that the coupling constant of the non- 
renormalizable superpotential term v c v c 4>(f>, which provides mass for the right handed neu¬ 
trinos, should not exceed unity. Thus, M 3 is restricted in a narrow range, and the inflaton 
decays into the second heaviest right handed neutrino. 

The lepton asymmetry is generated by the subsequent decay of this neutrino and is given 
by [4] 


riL_ 

s 


9 T r M 2 Im(UM D 'M d ' t[/4) 


23 


8 tt m inf i M 3 v 2 (U M D 'M D ' tf/t) 22 ’ 

where v is the electroweak VEV at Mqut ■ Substituting U from eq.(5), we get 
riL 9 Tji M 2 c 2 s 2 sin 25 (mf 2 — m 2 2 ) 2 


(16) 


(17) 


s 8n rrii n fi M 3 v 2 (m^ 2 s 2 + m 2 2 c 2 ) 

Here we can again replace rn 2 , mf* by their ‘asymptotic’ values divided by 1.56 and v by 
174 GeV. Assuming the MSSM spectrum between 1 TeV and Mgut, the observed baryon 
asymmetry ub/s is related [10] to til/s by ub/s = —28/79 (ul/s). 

We take a fixed value of M 3 in the allowed range (15) and, for any pair of values (m 2 , m 3 ), 
we calculate M 2 and Tr. The constraint T R < 10 9 GeV yields a lower bound for the product 
m 2 m 3 excluding the region below a hyperbola on the m 2 ,m 3 plot. Note that the gravitino 
constraint combined with the MSW restriction on m 2 yields a lower bound for m 3 . Inside the 
allowed m 2 ,m 3 region, we can use the trace condition (13) to solve for 5(9) in the interval 
0 < 6 < it/ 2. Given that we need a negative value for ul/s so that ub/s > 0, we 
see that there is at most one useful branch of the function 5(9) taken to lie in the region 
—7 t/2 < 5(9) < 0 . The expression for 5(9) is subsequently substituted in eq.(17) for the 
leptonic asymmetry, and the range of 9 satisfying the constraint 0.02 < Hr/i 2 < 0.03 
is found. (This constraint is consistent with the low deuterium abundance as well as with 
structure formation in ‘cold’ plus ‘hot’ dark matter models). The m 2 ,m 3 pairs, for which 
this range of 9 exists, are consistent with the observed baryon asymmetry. In Fig.l, we 
depict the areas on the m 2 ,m 3 plane which satisfy both the gravitino and baryogenesis 
constraints in the two extreme cases of M 3 = rrii n fi /2 (bounded by the thick solid line) and 
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M 3 = 2.5 x 10 13 GeV (bounded by the thick dashed line). The lower line, in both cases, 
corresponds to the gravitino constraint whereas the upper one comes from the baryogenesis 
constraint. Note that the baryogenesis constraint at m 2 = 1.7 x 10 ~ 3 eV provides us with an 
upper bound for m 3 . In summary, we get an interesting upper as well as a lower bound on 
m 3 (i.e. on f 1hdm^)i an d, for each m 3 value, we know the allowed range of m 2 . Namely, for 
M 3 = m in fi/ 2, 1.3 eV < m 3 < 8.8 eV whereas, for M 3 = 2.5 x 10 13 GeV, 0.9 eV < m 3 < 5.1 
eV. Thus, m„ T is restricted in the range of 1 to 9 eV. 

The discussion above can be extended to yield useful information for 0 IJT . For each 
allowed pair m 2 ,m 3 and, for every value of 6 in the allowed range, we construct ip and e in 
eq.( 8 ). The phases a 2 and a 3 in eq.(5) remain undetermined by the conditions (12),(13) 
and, consequently, /3 2 ,/5 3 in eq.( 8 ) and £ in eq.(10) remain also undetermined. This fact does 
not allow us to predict the value of 0 MT for each value of 6 , but only its allowed range given 
in eq.(ll). The union of all these intervals, comprising all allowed values of 6 and m 2 for a 
given m 3 , constitutes the allowed range of 6 for this m 3 . These ranges, after taking the 
renormalization of 9^ ir into account, are depicted in Fig.2 for all possible values of /n 3 , and 
constitute the allowed area of the neutrino oscillation parameters. The region bounded by 
the thick solid line is the allowed area for M3 = rri in fi /2, whereas the one bounded by the 
thick dashed line corresponds to M 3 = 2.5 x 10 13 GeV. The areas tested (to be tested) by 
past (future) experiments are also indicated in Fig.2. The area excluded by E531 is depicted 
in Fig.l and lies above the thin solid (dashed) E531 line, for M 3 = rri in fi /2 (2.5 x 10 13 
GeV). CDHS does not appear to have any appreciable effect. Furthermore, if CHORUS 
gives negative results, we must further exclude the area above the corresponding thin solid 
(dashed) line in Fig.l, for M 3 = m in fi/ 2 (2.5 x 10 13 GeV). A possibly negative CHORUS 
result implies that the upper bound for m Ur drops down to ~ 3.7 eV. Notice that the upper 
limit on baryon asymmetry has no effect on Figs.l and 2. 

The CP violating phase 5^ as a function of 0 llT , for given values of M 3 ,m 2 ,m 3 and Os/? 2 , 
can now be constructed. We choose M 3 = rri tn fij 2, m 2 = 2.6 x 1CT 3 eV, m 3 = 4 eV, 
Qsh 2 = 0.025 and solve for 9. We find two solutions and, for each one of them and any 



£ (—7r < £ — e < 7r), we calculate 0 /jr and 4 /tr = £ + p — A. Eliminating £, we obtain the 
function S llT (0 IJT ) in the region of eq.(ll). This function turns out to be double valued-the 
sum of the two branches equals 2e- and is depicted in Fig.3, for both values of 6 , after 
renormalizing d^ T . The 6* MT ’s excluded by E531, for m Vr = 4 eV, are also indicated and lie 
to the right of the E531 line. 

In conclusion, we find that a modest extension of MSSM to SU (3) c x SU (2) l x SU (2)^ x 
U[1)b-l can yield significant new results by tying together a number of apparently unrelated 
phenomena. In particular, inflation can be realized, the spectral index n ~ 0.98, we get both 
‘cold’ (essentially bino) and ‘hot’ (u T ) dark matter, while the u T mass and mixing is 

within reach of present and planned experiments. In the simplest scheme, the atmospheric 
neutrino anomaly remains a mystery. 

We thank K.S. Babu for several discussions regarding the renormalization effects, and 
E. Tsesmelis for information about the experiments. TMR and NATO support under grant 
numbers ERBFMRXCT-960090 and CRG 970149 is gratefully acknowledged. 
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Figure Captions 


Fig-1 .The allowed regions in the m v ,m VT plane. 


Fig.2 .The allowed regions in the n /t -n r oscillation plot. 


Fig.3. The function S llT (0 llT ) for M 3 = rrii n fi /2 and ‘central’ values of m^iVn^ni,/s. 
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